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The  continuous  improvement  of  the  anode  materials  constitutes  a  major  challenge  for  the  future  commer¬ 
cial  use  of  polymer  electrolyte  membranes  (PEM)  electrolyzers  for  hydrogen  production.  In  accordance  to 
this  direction,  iridium/titanium  films  deposited  directly  on  carbon  substrates  via  magnetron  sputtering 
are  operated  as  electrodes  for  the  oxygen  evolution  reaction  interfaced  with  Nation  115  electrolyte  in  a 
laboratory  single  cell  PEM  hydrogen  generator.  The  anode  with  0.2  mg  cm-2  Ir  catalyst  loading  was  elec- 
trochemically  activated  by  cycling  its  potential  value  between  0  and  1.2  V  (vs.  RHE).  The  water  electrolysis 
cell  was  operated  at  90  °C  with  current  density  1  A  cm-2  at  1.51  V  without  the  ohmic  contribution.  The 
corresponding  current  density  per  mgr  of  Ir  catalyst  is  5  A  mg-1.  The  achieved  high  efficiency  is  com¬ 
bined  with  sufficient  electrode  stability  since  the  oxidation  of  the  carbon  substrate  during  the  anodic 
polarization  is  almost  negligible. 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  benefits  of  the  electrolyzed  hydrogen  which  make  it  com¬ 
petitive  to  the  hydrogen  produced  from  hydrocarbons  include 
primarily  the  excellent  product  purity  as  well  as  the  possibility  to 
produce  it  on  site  and  on  demand  avoiding  the  transportation  and 
storage  problems.  The  majority  of  commercial  electrolyzer  systems 
belongs  to  the  alkaline  where  an  aqueous  potassium  hydroxide 
electrolyte  circulates  continuously  through  the  electrolytic  cells. 
In  recent  years,  there  is  a  growing  interest  in  the  acidic  type 
electrolysis  via  proton  conducting  polymer  membranes  (PEM). 
PEM  electrolyzers  offer  higher  current  densities  (up  to  lOkAm-2) 
compared  to  the  alkaline  systems  (2-5 kAnrr2)  [1,2]  since  the 
requirement  of  a  non-liquid  electrolyte  simplifies  the  design  and 
balance  of  the  plant.  The  main  drawback  of  proton  conducting  PEM 
electrolysis  is  the  relatively  higher  anodic  overpotential  during  the 
oxygen  evolution  reaction  (OER)  with  respect  to  alkaline  process. 
During  the  last  15  years  the  higher  performances  reported  in  the 
field  of  PEM  electrolyzers  (Tm  ax  =  90  °C)  were  established  on  Ir,  Pt-Ir, 
Ir-Ru  and  Ir-Ta  oxides,  while  Ir-Ru  has  been  proven  to  be  the  most 
active  02  evolution  electrocatalyst  [3-12].  Many  ternary  systems 
have  been  also  suggested  as  promising  electrocatalysts  for  oxy¬ 
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gen  evolution  reaction  [8,13].  However,  issues  as  the  reduction  of 
catalyst  loading  and  lifetime  are  still  in  a  continuous  research  inter¬ 
est.  Electrocatalytic  films  of  iridium  oxide  deposited  by  magnetron 
sputtering  technique  have  shown  significant  performance  with  the 
lowest  metal  loading  [14,15].  In  the  present  study  iridium  oxide 
sputtered  on  carbon  substrate  is  investigated  as  anode  catalyst  in 
PEM  water  electrolyzer.  The  research  is  focused  on  the  influence  of 
the  temperature  and  the  access  of  liquid  water  at  the  electrode  sur¬ 
face  on  the  performance  of  the  cell.  The  achieved  cell  performance 
is  compared  with  the  most  efficient  PEM  water  electrolysis  systems 
existed  [8]. 

2.  Experimental 

2.1.  Working  electrodes  and  MEA  preparation 

The  iridium  electrocatalyst  under  study  was  deposited  by  the  dc 
magnetron  sputtering  from  Ir  target  in  Ar/02  plasma.  The  descrip¬ 
tion  of  the  main  sputter  device  as  well  as  the  sputtering  conditions 
which  are  critical  for  the  final  film  formation,  have  been  described 
elsewhere  [16].  A  hydrophobic  Toray  carbon  paper  (E-tek)  covered 
with  a  50  nm  sputtered  Ti  layer  functioned  as  a  catalyst  substrate. 
The  addition  of  Ti  improves  the  adherence  of  the  catalytic  layer  to 
the  Toray  carbon  paper  and  presumably,  prevents  it  from  oxida¬ 
tion  at  the  high  anodic  potentials  where  oxygen  evolution  takes 
place  thus,  acting  as  dimensionally  stable  anode  (DSA)  [17,18].  The 
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final  thickness  of  the  sputtered  film  (determined  on  control  sput¬ 
tered  glass  substrates  by  profile  meter)  is  500  nm  corresponding 
to  Ir  catalyst  load  0.2  mg  cm-2.  The  membrane  electrode  assembly 
(MEA)  used  for  the  water  splitting  in  the  PEM  electrolytic  cell  was 
prepared  by  hot  pressing  the  hydrogen  and  oxygen  evolution  elec¬ 
trodes  up  to  120  °C  at  375  kg  cm-2  on  both  sides  of  a  commercial 
Nation  115  membrane  (Ion  Power  Inc.).  A  thin  layer  of  5%  Nation 
solution  (Aldrich)  was  applied  prior  to  the  pressing  on  the  sur¬ 
face  of  the  electrodes  in  order  to  improve  the  adherence  to  the 
Nation  membrane  and  the  electrochemical  interface.  Both  anode 
and  cathode  have  the  same  geometrical  area  equal  to  4  cm2,  while 
the  area  of  the  reference  electrode  was  ~4  mm2  and  was  positioned 
at  least  5  mm  away  from  the  cathode.  The  corrosion  resistance  of 
the  carbon  substrate  of  the  Ir  electrode  was  compared  with  that  of 
a  Pt  sputtered  anode  on  carbon  paper.  For  that  reason  an  electrode 
comprising  a  sputtered  Pt  catalyst  layer  (500  nm)  on  a  Toray  paper 
carbon  substrate  has  been  prepared  by  magnetron  sputtering  as 
well. 

2.2.  Experimental  techniques 

The  surface  morphology  and  the  particle  size  as  well  as  the 
oxidation  state  of  the  electrocatalysts  were  studied  by  means  of 
scanning  electron  microscopy  (LEO  SUPRA  35  VP)  and  X-ray  pho¬ 
toelectron  spectroscopy  (XPS).  The  photoemission  measurements 
were  carried  out  in  an  ultra  high  vacuum  system  equipped  with  an 


easy  entry  specimen  assembly.  The  photoelectrons’  detector  was 
a  hemispherical  analyzer  (SPECS  LH-10)  with  pass  energy  97  eV. 
The  unmonochromatized  Al  Ka  line  (1486.6  eV)  was  used  in  all  XPS 
measurements. 

The  electrochemical  characterization  was  performed  in  a  self- 
built  cell  with  two  compartments,  where  hydrogen  and  oxygen 
evolution  take  place,  separated  by  the  membrane  electrode  assem¬ 
bly  under  study.  The  fabricated  MEAs  were  sandwiched  between 
two  graphite  plates  with  carved  micro-channels  for  gas  distri¬ 
bution,  serving  as  current  collectors.  The  cell  has  provisions  for 
temperature  control,  humidification  and  flow  measurements.  The 
humidification  is  attained  by  a  pair  of  independently  heated  humid¬ 
ifiers  positioned  at  both  sides  of  the  cell.  Helium,  with  a  flow 
rate  equal  to  100  seem  min-1,  was  used  as  a  carrier  gas  to  feed 
the  reactant  water  to  the  anode  at  atmospheric  pressure.  The 
cell  could  be  operated  both  under  steam  and  liquid  water  con¬ 
ditions  depending  on  the  temperature  of  the  anode  humidifier 
with  respect  to  the  cell  temperature.  The  liquid  water  operating 
mode  was  achieved  by  setting  the  humidifier  above  90  °C  while 
maintaining  the  cell’s  temperature  at  least  10  °C  lower.  The  exper¬ 
iments  were  carried  out  at  room  and  elevated  (up  to  90  °C)  cell 
temperatures.  The  electrochemical  study  was  performed  via  cyclic 
voltammetry  and  steady  state  polarization  measurements,  using  a 
computer  controlled  Potentiostat/Galvanostat  (EG&G  Instruments 
Princeton  Applied  Research  263A)  while  a  frequency  response  ana¬ 
lyzer  (EG&G  1025)  was  used  for  the  IR  drop  determination  of  the 
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Fig.  1.  The  SEM  images  of  the  sputtered  iridium  oxide  are  shown  the  uniform  coverage  of  the  carbon  fibers  (a),  the  particle  size  distribution  100-300  nm  (b)  and  the  film 
thickness  (c). 
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system  via  the  ac  impedance  technique.  The  polarization  curves 
recorded  after  a  series  of  cyclic  voltammograms  in  the  potential 
region  between  hydrogen  and  oxygen  evolution.  The  system  was 
initially  polarized  potentiostatically  up  to  a  maximum  current  value 
and  remained  there  for  at  least  5  min.  Then  the  potential  was  gradu¬ 
ally  decreased  backward  to  the  open  circuit  value.  Each  point  of  the 
curve  was  recorded  after  30  s  of  stabilization  time.  The  anode’s  out¬ 
let  was  connected  to  a  quadrapole  mass  spectrometer  (OMNISTAR) 
in  order  to  monitor  the  composition  of  the  gaseous  products  (02 
and  C02)  at  the  cell’s  outlet. 

3.  Results  and  discussion 

The  homogeneous  particles  distribution  and  the  ability  to 
deposit  extremely  low  metal  loadings  constitute  the  main  charac¬ 
teristics  of  the  electrodes  produced  by  magnetron  sputtering.  The 
SEM  image  of  the  as  prepared  sample  (Fig.  1  a)  shows  a  well-adhered 
thin  layer  which  covers  the  carbon  fibers.  The  layer  is  nanostruc¬ 
ture  with  particle  size  100-300  nm  (Fig.  lb)  while  its  thickness  is 
500  nm  (Fig.  lc). 

The  oxidation  state  of  iridium  on  the  as  prepared  sample  was 
detected  by  the  use  of  XPS.  The  spectrum  of  the  Ir4f  photoelec¬ 
trons  fitted  by  the  use  of  XPS  peak  fit  software  (Fig.  2)  testifies  the 
presence  of  more  than  one  species  in  the  sputtered  film.  The  fitting 
procedure  was  done  by  constraining  the  spin  orbit  splitting  of  the 
Ir  peaks  at  2.9 eV  and  the  intensity  ratio  Ir4f7/2:Ir4f5/2  =4/3,  thus 
resulting  in  the  existence  of  both  Ir°  and  Ir3+  species  at  60.7  and 
62  eV,  respectively  [19,20].  Ir°  is  the  most  abundant  species  on  the 
surface,  thus  showing  that  the  preparation  of  the  sample  by  mag¬ 
netron  sputtering  results  in  the  formation  of  mainly  metallic  Ir.  The 
fitting  procedure  resulted  in  an  additional  peak  at  66.7  eV,  which 
can  be  associated  to  screening  effects  created  after  the  photoemis¬ 
sion,  resulting  in  a  positive  shift  of  the  binding  energy  in  agreement 
with  previous  XPS  studies  on  iridium  oxides  [21,22]. 

One  of  the  main  features  of  iridium  metal  is  its  ability  to 
form  multilayer  (thick)  oxides  during  continuous  potentiodynamic 
cycling  in  the  potential  range  between  hydrogen  adsorption  and  the 
onset  of  oxygen  evolution  (F^ J*  =  1 .5  V  in  dilute  H2S04  and  HC104) 
[23].  The  formation  of  the  iridium  oxide  phases  is  an  irreversible 
process  as  they  are  not  being  reduced  even  by  deep  cathodic  polar¬ 
ization  [24,25].  This  kind  of  activation  of  the  sputtered  iridium 
oxide  film  was  attempted  also  in  our  case  where  the  anode  is 
interfacing  a  proton  conductive  polymer  electrolyte  (Nation).  Fig.  3 


Fig.  2.  The  XPS  Ir4f  spectrum  of  the  iridium  oxide  film  scanned  after  the  sputtering 
technique. 


Fig.  3.  Stepwise  cyclic  voltammograms  scanned  on  the  iridium  oxide  electrode  at 
T=  25  °C.  Scan  rate:  10  mV  s_1 . 


shows  the  cyclic  voltammograms  carried  out  by  increasing  pro¬ 
gressively  the  anodic  potential  from  0.4  up  to  1.5  V.  The  extension 
of  the  anodic  potential  limit  and  the  continuous  cycling  results  in 
the  progressive  oxidation  of  the  Ir  film  and  the  diminishing  of  the 
hydrogen  adsorption/desorption  region  giving  also  lower  currents 
for  the  H2  evolution.  It  is  worth  noticing  that  the  oxidation  peak 
of  Had  species  at  0.1  V  decreases  progressively  with  increasing  the 
anodic  limit  of  the  voltammograms  up  to  1.2  V.  At  higher  anodic 
potentials  the  appearance  of  the  anodic  and  cathodic  peaks  at  0.95 
and  0.92  V,  respectively,  is  accompanied  by  the  irreversible  sharp 
decrease  of  the  oxidation  peak  of  Had.  Certainly  this  behavior  can 
be  attributed  to  the  extensive  oxidation  of  the  Ir  surface.  The  essen¬ 
tially  reversible  oxidation  process  that  is  being  expressed  through 
the  reversible  peaks  at  0.95  and  0.92  V  represent  the  chemical  equi¬ 
librium  between  two  oxidation  states  which  coexist  on  the  IrOx 
surface.  According  to  the  literature  these  correspond  to  the  equi¬ 
librium  reaction  that  represents  the  reversible  oxidation/reduction 
of  Ir3+  to  Ir4+  [26].  In  addition,  the  magnitude  of  the  oxidation  and 
reduction  peaks  strongly  indicates  the  degree  of  oxidation  of  the  Ir 
surface.  As  it  is  shown  in  Fig.  4  the  prolonged  cycling  results  in  the 
complete  deactivation  of  the  electrocatalyst  with  respected  to  H2 
activation  processes,  though  this  is  only  reflect  to  a  small  increase 


Fig.  4.  Cyclic  voltammograms  on  the  iridium  oxide  anode  carried  out  during  the  1  st 
and  the  40th  scan  at  T=  25  °C.  Scan  rate:  10  mV s_1 . 
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Fig.  5.  The  XPS  Ir4f  spectrum  of  the  iridium  oxide  anode  after  the  electrochemical 
characterization. 


(~33%)  of  the  oxidation  peak  at  0.95  V.  The  electrochemical  activa¬ 
tion  of  the  surface  is  approaching  steady  state  since  the  capacitive 
anodic  charges  do  not  change  anymore  through  repeating  cycling. 

The  Electrochemical  Surface  Area  (EAS)  of  the  as  prepared  Ir 
layer  is  114  m2  g-1  Ir  calculated  from  the  area  of  H2  oxidation  peak 
of  the  voltammogram  with  anodic  potential  limit  0.4  V  (Fig.  3) 
according  to  Eq.  (1)  [27]: 


EAS  = 


Qh 

QHoGMe 


(1) 


where  Qh-  the  charge  associated  with  hydrogen  adatoms  desorp¬ 
tion;  Qh0:  the  charge  per  unit  surface  area  corresponding  to  the 
coverage  of  the  metal  by  one  monolayer  of  hydrogen  (=252  [xC  cm-2 
[28]);  GMe-  the  amount  of  Ir  in  the  catalytic  layer. 

This  denotes  that  57%  of  the  total  Ir  loading  is  electrochemically 
active,  i.e.  is  interfacing  the  Nation  electrolyte.  This  is  considered 
as  an  ideal  dispersion  of  the  electrocatalytically  active  surface  sites 
approaching  that  of  highly  dispersed  conventional  catalytic  sys¬ 
tems.  If  we  consider  that  the  EAS  does  not  change  significantly 
during  the  oxidation  process  it  is  possible  to  compare  the  charge 
needed  for  the  Ir3+  to  Ir4+  transformation  (Fig.  4)  with  the  charge 
corresponds  to  EAS  as  this  was  estimated  above.  This  ratio  is  0.23 
and  it  presumably  indicates  the  equilibrium  ratio  of  the  Ir3+/Ir4+. 

The  oxidation  state  of  the  activated  IrOx  was  confirmed  by  XPS 
(Fig.  5)  where  the  peaks  at  61.9  and  63.7  eV,  can  be  assigned  to 
Ir3+  and  Ir4+  or  higher  oxidation  states,  respectively,  in  agreement 
with  other  published  data  [19].  Concerning  the  Ir4+  oxidation  state 
the  Ir4f5/2  component  seems  to  be  more  intense  than  the  Ir4f7/2 
one  indicating  the  existence  of  two  superimposed  spectra  located 
at  the  same  binding  energy;  one  attributed  to  Ir4f5/2  and  the  other 
probably  resulting  from  screening  effects  emanating  from  the  spec¬ 
trum  of  Ir3+  at  61.8  eV.  The  doublet  assigned  to  higher  than  Ir4+ 
state  is  accompanied  by  a  single  peak  at  68.08  eV  which  also  can 
be  assigned  as  a  screening  effect  result.  It  is  worth  noticing  that 
the  ratio  of  the  XPS  peaks  at  63.7  eV  (Ir4+)  and  61.9  eV  (Ir3+),  which 
was  found  0.25,  is  almost  identical  to  the  aforementioned  estimated 
ratio  of  the  (Ir3+/Ir4+ )  =  0.23  derived  from  the  cyclic  voltammograms 
of  Figs.  3  and  4.  Based  on  these  observations  it  can  be  assumed  that 
the  estimated  ratio  indicates  the  equilibrium  composition  of  the 
IrOx  electrocatalytic  layer. 

Ti  used  for  the  better  adherence  of  the  Ir  film  was  neither 
detected  by  the  XPS  before  nor  after  electrochemical  characteri¬ 


Fig.  6.  Mass  spectrometer  signals  of  the  iridium  oxide  anode  outlet  during  cyclic 
voltammetry  between  hydrogen  and  oxygen  evolution  region  at  25  °C. 


zation  probably  due  to  its  very  low  amount  which  was  obscured  by 
the  thicker  Ir  film. 

The  gases  produced  during  the  potentiodynamic  cycles  were 
analyzed  via  a  mass  spectrometer  connected  to  the  outlet  of  the 
anode  compartment.  The  corresponding  mass  signals  at  the  anode 
with  respect  to  the  applied  potential  are  shown  in  Fig.  6.  The  onset 
potential  of  the  oxygen  evolution  reaction  at  1.3  V  (25  °C)  has  been 
accompanied  by  C02  production,  which  is  the  main  by-product  of 
this  reaction  on  carbon-based  electrodes.  However,  the  C02  pro¬ 
duced  from  the  iridium  oxide  electrode  is  much  less  in  quantity 
in  comparison  to  the  massive  C02  production  during  the  02  evo¬ 
lution  on  Pt  sputtered  film  (Fig.  7).  As  it  is  evidently  depicted  in 
MS  signal  shown  in  Fig.  7  almost  no  oxygen  is  detected  while  it 
massively  reacts  with  the  carbon  substrate  to  form  C02.  The  mini¬ 
mal  corrosion  behavior  observed  in  the  case  of  the  Ir  electrode  can 
be  plausibly  attributed  either  to  the  Ti  thin  layer  (50-nm  thick)  that 
was  initially  deposited  on  the  carbon  Toray  paper  or  to  the  catalytic 
activity  of  the  O  species  that  are  being  formed  on  the  IrOx  surface. 
Certainly  the  massive  formation  of  C02  in  the  case  of  Pt  electrode 
strongly  indicates  that  the  adsorbed  oxidic  species  on  the  Pt  surface 
are  very  active  towards  the  catalytic  or  electrocatalytic  oxidation  of 
the  carbon  support  at  the  boundaries  of  the  Pt/C  particles.  Although 
Pt  catalysts  are  not  considered  as  an  efficient  anode  in  OER  however, 
it  can  play  an  essential  role  in  the  promising  field  of  regenerative 
fuel  cells  as  a  component  in  binary  and  ternary  bifunctional  electro- 


Fig.7.  Mass  spectrometer  signals  of  the  Pt  oxide  anode  outlet  during  cyclic  voltam¬ 
metry  between  hydrogen  and  oxygen  evolution  region. 
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Fig.  8.  Polarization  curves  of  the  PEM  electrolyzer  at  different  cell  temperatures 
(rcen)  under  water  steam  feed. 

catalytic  systems  [29,30].  It  must  be  stressed  that  the  comparative 
experiments  depicted  in  Figs.  6  and  7  cannot  replace  any  long-term 
testing  which  is  the  necessary  proof  for  the  electrode’s  long-term 
stability. 

The  performance  of  the  iridium  oxide  as  an  anode  for  OER  was 
examined  in  the  PEM  test  cell  by  recording  steady  state  polarization 
curves  at  different  operating  temperatures.  The  polarization  curves 
were  recorded  after  a  series  of  cyclic  voltammograms  in  the  poten¬ 
tial  region  between  hydrogen  and  oxygen  evolution.  The  system 
was  initially  polarized  potentiostatically  up  to  a  maximum  current 
value  and  remained  there  for  at  least  5  min.  Then  the  potential  was 
gradually  decreased  backwards  toward  the  open  circuit  value.  Each 
point  of  the  curve  was  recorded  after  60  s  of  stabilization  time. 

The  effect  of  the  anode  temperature  on  the  cell  performance 
when  the  humidifier’s  temperature  follows  the  cell  working  tem¬ 
perature  is  shown  in  Fig.  8.  Generally,  the  increase  of  the  cell 
temperature  improves  performance.  At  lower  temperatures  lim¬ 
iting  current  is  observed  at  higher  cell  potentials  although  the 
steam  flow  was  by  a  factor  of  three  higher  than  the  observed 
limiting  currents.  This  behavior  certainly  denotes  a  strong  kinetic 
effect  of  the  partial  pressure  of  water  on  the  anodic  electrocat- 
alytic  water  splitting.  With  the  cell’s  and  humidifier’s  temperatures 
being  at  80  and  90  °C,  respectively,  a  current  density  of  0.5  A  cm-2 
was  measured  at  1.7  V.  Elowever,  if  the  humidifier’s  temperature 
is  controlled  at  100  °C  so  the  operating  temperature  of  the  cell 
is  lower,  the  steam  condensates  inside  the  cell,  thus  resulting  in 
a  dramatic  enhancement  of  the  cell’s  performance.  This  effect  is 
depicted  by  the  polarization  curves  in  Fig.  9.  By  comparing  the 
polarization  curves  in  Figs.  8  and  9  at  cell’s  temperature  of  80  °C 
it  is  evident  that  the  current  density  is  almost  double  when  the 
humidifier’s  temperature  is  set  at  100  °C.  Definitely,  the  observed 
efficiency  improvement  is  due  to  the  presence  of  liquid  water  on  the 
anode  surface.  Beyond  the  kinetic  effect  of  the  higher  water  activ¬ 
ity,  being  in  the  liquid  form,  the  condensate  water  molecules  must 
enhance  the  accessibility  of  the  electrolyte  to  isolated  parts  of  irid¬ 
ium  oxide  surface,  thus  increasing  the  electrochemical  interface. 
Based  on  this  option,  a  maximum  current  density  of  1.1  A  cm-2  at 
1.8  V  and  90  °C  has  been  achieved  (Fig.  9),  which  is  among  the  best 
efficiencies  reported  on  iridium  anodes  with  the  lowest  metal  load¬ 
ing  according  to  the  recent  PEM  electrolyzer  literature.  The  highest 
performance  is  given  by  Marshall  et  al.  [8]  where  the  measured  cur¬ 
rent  density  per  mg  of  catalyst  was  0.5  A  mg-1  at  1.56  V  and  80  °C 
by  using  an  Ir06Ru0.4O2l Nation  115|Pt/C  electrolyzer.  The  afore¬ 
mentioned  value  corresponds  to  the  reported  surface  area  current 


Fig.  9.  Polarization  curves  of  the  PEM  electrolyzer  at  different  cell  temperatures 
(Teen)  under  condensate  water  feed. 

density  of  1 A  cm-2  and  was  calculated  taking  into  consideration 
that  the  reported  metal  loading  in  Ref.  [8]  is  2  mg  cm-2.  Never¬ 
theless  they  reported  instabilities  in  the  cell  performance  due  to 
passivation  of  the  Ti  backings.  In  order  to  compare  the  present 
performance  with  the  results  of  Ref.  [8]  the  IR  free  cell  poten¬ 
tial  was  estimated.  Marshall  et  al.,  mentioned  an  IR  drop  value  of 
150  mV  at  1 A  cm-2.  Taking  into  consideration  the  high  current  part 
(ohmic)  of  their  /-V  curves  in  (Fig.  4  of  the  Ref.  [8])  the  IR  drop 
must  not  be  higher  than  130  mV  at  1 A  cm-2.  Thus,  the  IR  drop  free 
cell  potential  at  the  aforementioned  current  density  is  at  least  1.43 
and  1.5  V  for  the  cases  of  Iro.6Ruo.4O2  and  Ir02,  respectively.  In  the 
present  study  the  IR  free  cell  potential  that  corresponds  to  a  sur¬ 
face  area  current  density  of  1 A  cm-2  is  estimated  around  1.51V. 
The  IR  correction  was  based  on  ac  impedance  measurements  of 
the  cell,  where  the  total  ohmic  resistance  including  the  ionic  resis¬ 
tance  of  the  electrolyte  and  the  electronic  and  conduct  resistances 
of  the  bipolar  plates  and  leading  wires  was  determined  66  m£2.  It 
is  obvious  that  the  present  results  compare  quite  well  with  those 
of  Ir02  electrodes  reported  by  Marshall  et  al.  [8]  although  in  the 
present  study  the  amount  of  catalyst  used  is  10  times  less  in  com¬ 
parison  to  the  amount  used  in  Ref.  [8].  The  yielded  performance, 
at  1.1  A  cm-2  and  Ecell  =  1.8  V,  translated  into  energy  consumption 
is  equal  to  4.24  kWh  Nm-3  H2.  Taking  into  consideration  that  the 
thermoneutral  voltage  at  90  °C  is  Eth  =  1.48  V,  then  according  to 
the  aforementioned  energy  consumption  the  thermal  energy  effi¬ 
ciency  is  83%.  Elowever,  this  suffers  from  the  IR  drop  due  to  the  high 
contact  resistances  resulted  by  the  hand  made  electrolytic  cell.  By 
subtracting  the  IR  losses  from  the  cell’s  voltage  value  the  energy 
consumption  decreases  to  3.62  kWh  Nm-3  H2  with  cell  efficiency 
98%. 

4.  Conclusions 

The  commercial  development  of  PEM  electrolyzers  can  be 
expanded  through  material  cost  optimization  and  design  simplic¬ 
ity.  An  important  step  towards  the  reduction  of  electrocatalyst’s 
load  is  the  concept  of  using  the  magnetron  sputtering  technique. 
In  the  present  work  we  have  demonstrated  the  efficient  use  of  irid¬ 
ium  oxide  sputtered  films  on  carbon  substrates  as  electrodes  for  the 
OER.  The  cell  efficiency  attained  at  1 A  cm-2  is  83%  while  the  ohmic 
free  efficiency  has  been  estimated  98%  (ohmic  free  Ecen  =  1.51  V)  for 
catalyst  loading  0.2  mg  cm-2.  The  observed  efficiency  is  in  congru¬ 
ence  with  the  published  best  efficiency  on  pure  Ir02  anode  although 
in  the  present  study  the  catalyst  loading  is  10  times  lower.  The  com- 
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parative  study  of  Pt  and  Ir  electrodes  has  shown  that  the  superiority 
of  IrOx  can  be  attributed  to  the  different  nature  and  activity  of  the 
oxidic  species  as  the  precursor  for  02  evolution  reaction.  The  main 
feature  of  these  oxidic  species  is  their  low  oxidative  reactivity  with 
the  carbon  substrate  as  compared  to  Pt  electrode. 

Since  generally  OER  proceeds  more  efficiently  on  mixed  Ir-Ru 
oxides,  further  work  should  be  directed  in  the  measurement 
of  the  performance  of  low  loading  bimetallic  systems  prepared 
by  magnetron  sputtering  technique  and  on  prolonged  stability 
tests. 
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